Abstract. Using the MST radar data of vertical wind, the characteristics of the tropical tropopause, following four different definitions, depending on 1) temperature lapse rate, 2) cold point, 3) convective outflow and 4) potential temperature lapse rate minimum, are studied. From the vertical wind data of the radar, the altitude profiles of temperature and horizontal divergence are derived, from which the tropopause levels corresponding to i) the lapse rate ii) cold point iii) convective outflow level and iv) potential temperature lapse rate minimum are determined. The convective outflow level and hence the convective tropopause altitude is determined, for the first time using the MST radar data. The tropopause altitudes and temperatures obtained following the four definitions are compared on a day-to-day basis for the summer and winter seasons. Winter and summer differences in the tropopause altitude and temperature are also studied.
Introduction
In recent years, the tropical tropopause has become the focus of scientific interest spurred largely by a realization that the tropics hold the key to the variability in global climate. The tropopause, which demarcates the troposphere and stratosphere, can be considered to be the region of transition between radiative-convective equilibrium and radiative equilibrium. Its most fundamental characteristic is a change in static stability and the associated change in vertical mixing time scales (Holton et al., 1995) . The tropical tropopause region is important as the source region for much of the air entering the stratosphere (e.g., Holton et al., 1995) . The mean heat balance of the troposphere is considered to be between convective heating (through the sensible heat flux from the surface and latent heat released during precipitation/by conCorrespondence to: B. V. Krishna Murthy (bvkmurthy2@rediffmail.com) vective clouds) and cooling by radiation from water vapour. Thus, radiative cooling is an important constraint on convection (Hartman and Larson, 2002) . This implies that the most active convection will be limited to the altitude range where radiative cooling is efficient. The peak in detrainment of convection occurs at the level of maximum mass divergence. This detrainment and divergence (maximum) occur well below the tropopause, as defined by the level of minimum temperature (cold point), and do not appear to be caused in any direct way by lapse rate changes (Hartman and Larson, 2002) . The level of maximum divergence can be taken to represent the tropopause level corresponding to the top of convection. Although most convection is generally thought to detrain below the ∼150 hPa level, it can penetrate to higher levels and sometimes even above the level of cold point in temperature, especially during strong deep convection events. The fact that temperatures in the lower and middle (tropical) troposphere are governed mainly by convection is borne out by the lapse rates which are close to moist adiabatic. The lapse rates deviate from that of the moist adiabat in the upper troposphere (Sherwood et al., 2003) . In fact, simple models suggested that the cold point in the temperature profile is actually a stratospheric feature which does not depend upon convection, owing its existence mainly to the photochemical production of ozone near the 100 hPa level (Kirk-Davidoff et al., 1999; Thuburn and Craig, 2002) . On the basis of the simple picture of the tropopause, that it represents the cap imposed on tropospheric convection by the stably stratified inversion layer of the stratosphere, the potential temperature of the air at the tropopause is expected to be roughly equal to the equivalent potential temperature of the boundary layer air (Reid and Gage, 1981) . However, the tropopause (defined by minimum temperature) potential temperature is nearly always higher than the boundary layer air equivalent potential temperature. This additional heating is higher in northern winter and smaller in summer (Reid and Gage, 1996) . This additional heating can come from i) episodic Rossby-wave activity in the Northern Hemisphere (from extra tropical region), injecting ozone rich stratospheric air directly along isentropic surfaces into the tropical upper troposphere and ii) stronger tropical tropospheric convective activity, leading to increased penetration of tropospheric air into lower stratosphere and entraining ozone-rich stratospheric air into the upper troposphere as it settles down to its equilibrium level (Reid and Gage, 1996) . Which of these two is dominant and in which season are questions that remain unanswered. At any rate, it appears that the large 'scale suction pump' driven by extra tropical wave activity and strong tropospheric convection are the two dominant processes playing key roles in governing the tropical tropopause. It is clear that the tropical tropopause is not a fixed material surface but rather is a region of transition from convective to radiative equilibrium (Holton et al., 1995) . Gettelman and Forster (2002) suggested that the tropical tropopause can be considered as a layer of transition between the convectively dominated troposphere and the radiatively controlled stratosphere.
Complete knowledge of the tropical tropopause characteristics is essential to the understanding of the physical processes in the tropical tropopause region. Part of the difficulty for this is in making observations at the required spatial and temporal scales. The Mesosphere Stratosphere Troposphere (MST) radar provides vertical wind data from which temperature can be obtained with good altitude resolution, giving a means to study the tropical tropopause characteristics albeit only at a few spot locations.
There are mainly four different ways of identifying the tropical tropopause (Highwood and Hoskins, 1998) . These are:
1. The lapse rate tropopause (LRT) is defined as the lowest altitude (in the troposphere) at which the temperature lapse rate decreases to 2 K/km or less and the lapse rate averaged between this altitude and any altitude within the next 2 km does not exceed 2 K/km. This definition mainly serves the operational purpose and has limited physical relevance (Highwood and Hoskins, 1998) . There seems to be little direct connection between convective processes and LRT.
2. The tropical tropopause can be identified as the altitude at which the temperature is minimum and this is called the cold point tropopause (CPT). This is quite relevant in the transport of minor species, especially water vapor and is deemed important for stratosphere-troposphere exchange by Selkirk (1993) .
3. The level of the top of nearly all the convection is a physically meaningful definition of the tropopause. The tropopause is considered to be at the top of the convective region and the region above this is assumed to be mainly in radiative equilibrium (Highwood and Hoskins, 1998 ). This is also the level of maximum horizontal divergence (Gettelman and Forster, 2002 ). This level is the level of where convective outflow occurs at a lower level compared to LRT and CPT.
4. Gettelman and Forster (2002) regarded the altitude of minimum lapse rate as a good marker of the level where radiation begins to influence the temperature profile as it departs from a saturated moist adiabat. They considered it physically more meaningful to consider a tropical tropopause layer, TTL, as a transition layer between the convectively dominated tropical troposphere and the radiatively controlled stratosphere. Thus, LRM/top of the convective outflow level is considered as the base of TTL and CPT as its upper boundary. Besides these four definitions, tropopause can be identified depending upon potential vorticity. However, this is more appropriate for defining the extra tropical tropopause which is considered as representative of the surface of constant potential vorticity (Holton et al., 1995) .
We have carried out investigations on the tropical tropopause using the data from MST radar at Gadanki (13.5 • N, 79.2 • E), a tropical station, following the four definitions mentioned above, and the results of these are described in this paper. Only data from the MST radar have been used to obtain the altitude and temperature of the tropopause, following the four definitions of tropopause given above. It may be mentioned here that stable layers giving rise to increased return signal strength have been identified around the tropopause (using LRT definition), using MST radar (e.g., Gage et al., 1986; Jain et al., 1994) . These stable layers have been found to be associated with temperature inversion near the tropopause (LRT) level (Jain et al., 1994) . In the present study we have not considered these stable layers in studying the tropopause behaviour, as it is a separate study by itself and is beyond the scope of the present study.
Data and analysis
The vertical wind data obtained from the MST radar at Gadanki is used in the present study. A detailed description of the MST radar at Gadanki is given by Rao et al. (1995) . Vertical wind data was collected from the radar for a duration of two hours (from 20:00 to 22:00 IST) at ∼40 s intervals on all the days during 18 January Revathy et al. (1996 Revathy et al. ( , 1998a . The method involves identification of the Brunt-Väisälä frequency (N ) from the temporal spectrum of the vertical wind. From the altitude profile of N, the altitude profile of temperature is obtained by integration using the surface temperature as the boundary value (Revathy et al., 1996) . The method is applicable only under convectively stable conditions, i.e., when N 2 is positive. When the background wind speed (horizontal) is high ( 40 m/s), identification of N from the vertical wind temporal spectra may become difficult due to Doppler shifting of the lower frequency gravity waves. However, occurrences of such high horizontal velocities (in the troposphere and lower stratosphere) were rather rare, especially in winter, and at any rate, such data are not considered in the present study.
The errors in the determination of temperature profile by the method of Revathy et al. (1996) have been estimated by Revathy et al. (1998b) . The errors arise mainly due to the errors in the estimation of N and in the boundary value of temperature. The standard deviations of the temperature are estimated to be typically 0.7 K, 1.2 K and 1.6 K at altitudes 6.75 km, 14.25 km and 20.25 km, respectively, for an altitude resolution of 150 m. A detailed comparison of the temperature profiles obtained by this method (from MST radar) with those from radiosonde has been done (Mohan et al., 2001) . The agreement between the two was found to be fairly good, especially on clear sky days. In the present analysis, in the three winter seasons only clear skies were encountered during the observation period (20:00 to 22:00 IST) on all the days. In the summer seasons there were a couple of days with cloudy skies (during the observation period) which were not included in the analysis. It may be noted here that the method of Revathy et al. (1996) has been successfully used for the studies on the diurnal variation of troposphere temperatures and equatorial waves (Revathy et al., 2001; Krishna Murthy et al., 2002) . The temperature profiles thus obtained and the vertical wind profiles (from MST radar) form the basic data for obtaining the tropopause altitude (and temperature), according to its definitions given above.
Determination of lapse rate tropopause (LRT)
The altitude profile of the temperature lapse rate is obtained for each of the temperature profiles. From this, the tropopause altitude is identified as per the definition given in Sect. 1 and the temperature of that altitude is noted. The LRT altitude and temperature are designated by H LR and T LR , respectively.
Determination of cold point tropopause (CPT)
The altitude profiles of temperature are smoothed by a 5-point running mean filter, as it is found that fluctuations are superposed on some of the profiles. The smoothing facilitates identification of temperature minimum, which is identified from the smoothed profile, and the corresponding altitude and temperature are noted. These are designated as H CP and T CP , respectively.
2.3 Determination of tropopause altitude corresponding to the level of convective outflow In order to identify the level of convective outflow, the vertical wind observations sampled at ∼40 s intervals for a duration of two hours on all days of MST radar observations are used. The convective outflow level is the level of maximum horizontal divergence (Highwood and Hoskins, 1998) . This can be obtained by considering the continuity equation given by
where ρ is the atmospheric density and U is the wind vector. The local rate of change of density and the horizontal advection terms in Eq.
(1) can be considered to be generally small in comparison with the other terms in the equation, except perhaps during strong convection events. During the data collection periods in this study mentioned above, no strong convection events occurred. Thus, neglecting the ∂ρ/∂t, the local rate of change of density and the horizontal advection term in Eq.
(1) u∂ρ/∂x+v∂ρ/∂y as zero, Eq. (1) can be written as
From the hydrostatic equation,
where H is the scale height given by H =kT /mg, where k is the Boltzmann's constant, T is the temperature, m is the mean molecular mass and g is the acceleration due to gravity. Thus
The positive value of D represents horizontal divergence and the negative value represents convergence. The altitude profiles of the vertical wind w are averaged over the 2-h period to give an average profile of w on all the days of observations. These average profile values of vertical wind are used in Eq. (5) to calculate D. H is obtained using the temperature profile (which also corresponds to the vertical wind data period of 2 h) obtained from vertical wind observations as described earlier. Mean molecular mass is taken as 29 in calculating H .
It may be mentioned that the assumption of hydrostatic equilibrium implies neglect of flow acceleration that may not be strictly valid. As H is calculated at height intervals of 150 m (using the temperature data of MST radar), this approximation may be taken, to hold good, at the time scales involved in the present studies, i.e. two hours.
The altitude profiles of D obtained as described above are subjected to a 9-point running mean filter to smooth the profiles. The running mean profiles of D are presented in Fig. 1 for two days as typical examples along with the standard errors. The altitude of the divergence peak (convective outflow level) at the highest altitude below H CP is taken as the level of the top of all convective outflow, to represent the convective tropopause, and is indicated by an arrow in this figure.
It may be noted that there are convective outflows below this level (Fig. 1 ) and the topmost of these occurring below H CP is taken as the top of all convective outflow. It is generally observed that convective outflow, as represented by values of horizontal divergence, D, is stronger in summer compared to winter. Further, it has been observed that the level of convective outflow is more marked in summer than in winter, in general. It may be noted that the summer season (JulyAugust) is also the period of southwest monsoon over India when strong convection would prevail. The seasonal average profiles of D (obtained from its running mean profiles), along with the standard errors for the four seasons, are depicted in Fig. 2 . The convective outflow level is marked by the horizontal arrow. The maximum positive D value is much greater in summer than in winter, indicating that the convective outflow is much stronger in summer (monsoon) than in winter. This is not surprising, as strong convection is expected in the summer (monsoon) months. The altitude of the top of the convective outflow (in the troposphere) in summer is lower than in winter, where there is more than one prominent convective outflow level in the troposphere. In fact, the convective outflow (as indicated by the D value) is stronger at the lower levels than at the top of the convective outflow in the troposphere, especially in winter 1999 and 2002. Further, convective outflow is seen even at lower stratospheric altitudes in winter especially in the years 1999 and 2000, which is not seen in summer. Thus, it appears that convection can penetrate into the lower stratosphere in winter. It is also seen that there is significant convergence above the convective outflow level (in the troposphere), both in winter and summer. A prominent feature in the summer average profile of D is the convergence peak (negative D) at ∼18 km around the cold point tropopause level. Strong convection (as in summer) is expected to be accompanied by diabatic cooling at higher levels, leading to convergence (Salby et al., 2003) .
It is interesting to note here that , from a global analysis of convective cloud observed that convection above the tropopause is high in the Northern Hemisphere in winter and particularly over the Indian summer monsoon region. The present study uses data at a single station, using MST radar data and reveals that convection, though weak in winter, penetrates into the lower stratosphere and while in summer though convection is strong, it is confined to the troposphere and does not penetrate into the lower stratosphere. Recently, it has been shown that extra tropical wave driving, which is stronger in the northern hemispheric winter, contributes to the tropical tropospheric upward flow, (Holton et al., 1995) . From the present study, it appears that the tropospheric upward flow leading to horizontal divergence in winter, driven mainly by the extra tropical waves, penetrates into the lower stratosphere, whereas the relatively stronger horizontal divergence in summer, driven mainly by the local convection, is confined to tropospheric altitudes. These studies should be extended with a larger database and at more locations using radar which gives more reliable and direct information on convection than the indirect methods using the satellite-based cloud cover and Outgoing Long wave Radiation (OLR) data. Gettelman and Forster (2002) pointed out the uncertainties in obtaining convection information using cloud cover and OLR data. The radar method has the advantage (over the one using satellite data) of identifying the convective outflow level even under conditions of dry convection.
From the altitude profiles of D, the level of maximum divergence is identified as described above. This level is taken as the tropopause corresponding to the convective outflow and its altitude and temperature, as H CO and T CO , are obtained.
It should be pointed out here that as the vertical wind profiles are averaged over 2 h for the estimation of D, gravity wave effects corresponding to periods less than or equal to 2 h, if any, on the vertical wind profiles would be smoothed out. In order to examine further the possibility that the fluctuations with altitude in the D profiles could be manifestations of gravity waves, the correlations between the vertical wind profiles(from which D are obtained) and the corresponding profiles of zonal and meridional wind (obtained from the MST radar observations) have been estimated and are found to be insignificant. If the fluctuations (in the D profiles) are due to gravity wave effects, then the horizontal and vertical wind components would be correlated. As it is found this is not so; it is unlikely that the fluctuations in the D profiles are due to gravity waves. At any rate, the gravity wave amplitudes, in general, are expected to be quite small in the troposphere (and lower stratosphere), whereas the fluctuations in the D profiles are quite large. Furthermore, the seasonal average profiles involved averaging of profiles of ∼40 days and so any effect of gravity waves will be smoothed out, as gravity wave fluctuations are not expected to any correspond from day-to-day. From the above, the gravity wave effects, if any, on the D profiles can be considered to be insignificant and the D profiles can be taken to represent convergence/divergence effects.
It should be mentioned here that as the temperature profile is derived from the Brunt-Väisälä frequency (N ) obtained from the vertical wind profile, thermally (convectively) stable conditions prevailed only on time scales corresponding to N (of the order of ∼10 min). Convection on longer time scales can still take place. As the vertical wind data, used for the estimation of D in the present study, are averaged over a period of 2 h, it represents convection over the corresponding time scales. Thus, the D profiles can be considered to represent convergence/ divergence on time scales of ∼2 h. Use of vertical wind data over longer periods would certainly yield information on convergence/divergence and hence on the convective outflow level on longer time scales. In the present work, it is demonstrated that MST radar data of the vertical wind can indeed be used to obtain the convective outflow level (on ∼2 h scales). Radars operating at a few cm wave lengths have been used in the past to study deep convection, particularly the events associated with precipitation Houze, 1993, 1995) . Mapes and Houze (1995) studied mesoscale convection systems and the convergence/divergence associated with convective storms. They had shown that systematic differences exist in the convergence/divergence profiles between stratiform and convective precipitation. All these studies pertain to major convection (storm) events. In the present study period, there were no occurrences of strong convective events in the winter seasons and there were a couple of events in summer which are not included in the analysis. It would be of interest to compare the divergence/convergence profiles obtained by MST radar with those from a colocated cm wavelength radar during strong convective storm events.
Determination of lapse rate minimum tropopause
The altitude profile of potential temperature (θ ) is obtained from that of the temperature. The required altitude profile of pressure is obtained using the hydrostatic equation and the temperature profile. From the altitude profile of θ , the lapse rate (− ∂θ ∂z ) profile is obtained and its minimum is identified, which is taken as the level of lapse rate minimum tropopause.
Day-to-day variations of tropopause altitude and temperature
The daily values of the tropopause altitude obtained as described earlier are plotted for the four seasons against the day Fig. 3 represents the average profile of D over the respective season. As noted earlier, data corresponding to strong convection events (which were of very infrequent occurrence during the period of observations) are not included in obtaining the different tropopause altitudes and temperatures. So, the seasonal averages shown represent averages not affected by strong convection events.
H CP and H CO are lowest in summer compared to winter, whereas for H θ M and H LR , lowest values occur in winter 2000 and the summer values are high. It is seen that the H CO is lowest in summer 2001. T CO is greater compared to the other three tropopause temperatures, as expected because of its lower altitude. The variability of T CO and H CO with season is quite low, compared to the other three. It is interesting to note that the variability of H CP with season is quite low whereas T CP shows significant variability. The coldest tropopause occurred in winter 2002, as seen for all the four tropopause temperatures. The temperatures are quite low in summer and are lower compared to winter of 1999 and 2000. Global analysis of tropical tropopause characteristics (considering cold point tropopause) revealed a colder tropopause in Northern Hemisphere winter and Indian summer monsoon and higher altitude for the tropopause in winter (Highwood and Hoskins, 1998). The results presented above are in general agreement, especially for the cold point and convective tropopauses.
With a view to quantify the association, if any, between the different tropopauses, correlation coefficients are obtained between different pairs of tropopause parameters using their daily values for the four seasons and are tabulated in Table 2 . Significant correlation coefficients at P =0.1 level (Fisher, 1970) It is seen that except for H LR and H CP , no other pair of tropopause altitudes show any consistency in correlation coefficients (and significant) for all the seasons. On the other hand, the correlation between the different pairs of temperatures are significantly positive and quite high in all the seasons, except in winter 2002 for the correlation involving T CO . In particular, the correlation between T LR and T CP is very high in all the seasons and the correlation involving T CO is, in general, lower (though significant, except in winter 2002). The lapse rate tropopause and cold point tropopause are both governed by tropospheric (convective and radiative equilibrium) and lower stratospheric (radiative equilibrium) processes, whereas the tropopause corresponding to lapse rate minimum in potential temperature and the convective outflow tropopause are mainly governed by tropospheric upward flow. This could be the reason for the be- havior of the observed correlation coefficients. Recently, it has been suggested that the cold point tropopause is more of a stratospheric feature than of convection owing its existence to the onset near 100 hPa of the photochemical production of ozone (Thuburn and Craig, 2002) . It may be noted here that Gettelman and Forster (2002) reported that convective activity is not strongly correlated with the cold point tropopause temperature. It is seen that the correlation coefficients between the tropopause altitude and temperature are negative and significant. Interestingly, these correlations are higher for the convective outflow and lapse rate minimum tropopauses than for the other two. When adiabatic conditions prevail, a lower altitude (higher pressure) would be associated with higher temperature and vice versa. This would be the condition for T CO (H CO ) and T θM and (H θ M ). The strong, negative correlations between T CO and H CO , and T θ M and H θ M are in accordance with this. Diabatic processes are expected to take place above the top of the convection level, affecting T CP (and H CP ) and T LR (and H LR ). Thus, the negative correlation between T CP and H CP (and T LR and H LR ) may not be as strong as that between T CO and H CO (and T θ M and H θ M ), as observed.
Conclusions
The following are the main conclusions of the present study.
1. It is demonstrated that from the MST radar data of vertical wind, useful altitude profiles of horizontal divergence can be derived to obtain the level of convective outflow.
2. It is found that the convective outflow is stronger and occurs at a lower altitude in summer than in winter, where convective outflow occurs even in the lower stratosphere.
3. The altitudes of convective outflow tropopause and the lapse rate (θ ) minimum tropopause show large day-today variation compared to those of lapse rate and cold point tropopauses.
4. The different tropopause temperatures are well correlated with each other. In general, seasonal tropopause is colder in winter compared to summer. However, the correlations between the temperature at the top of the convection and other tropopause temperatures are generally found to be low.
5. The tropopause temperature and altitude are negatively correlated on a day-to-day basis. The correlation is particularly strong between T CO and H CO (and T θ M and H θ M ).
